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(STi Abstract: A switcbable gain amplifier is provided. The amplifier includes an input, an output, and a first transistor having a 
S£l a fest *£o"L a sJond region. The conduction from the first region to the second region of the first ™^ 
^sponsivf to die voltage on the control region relative to Ae second region. An input impedance matching network is coupled with 
the input and the control region and an output impedance matching network is coupled with me output and the first region A first 
swiichable biasing circuit is coupled with the control region to switehably bias the transistor between an on state and an off state. A 
Passive bypasse network has a 6rt switch to switehably couple the input impedance matching network with the output impedance 
matching network through the passive bypass network. 
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LOW-LOSS BYPASS MODE OF AN AMPLIFIER WITH HIGH 
LINEARITY AND MATCHED IMPEDANCE 

BACKGROUND OF THE INVENTION 
The invention relates to electronic circuits. In particular, the invention 
relates to radio frequency amplifiers with high linearity. _ 

la a typical radio, signals received by an antenna are fed to a low noise 
amplifier (LNA) in order to amplify the received signal and thus improve fhe radio's 
receiving sensitivity. Radios' to be used with the communication standard known as 
Code^Division-Multiple-Access (CDMA), however, present some additional challenges. 
For instance, as is well known in the art, a LNA to be used in CDMA systems must have 
a high sensitivity. In order to achieve the high sensitivity required, the LNA must provide 
high gain for receiving weak signals, while also mamtaining high linearity. But when a 
LNA operates with high gain, interfering signals, including the radio's own transmitted 
signal, may cause the LNA to operate outside of its linear range, thus reducing the radio's 
sensitivity. Additionally, in order to achieve the requisite linearity, a LNA must typically 
be biased with a high direct current (DC) bias current However, CDMA radios are 
usually powered with batteries. The high bias current required by the LNA reduces 
battery life and time between recharging, which are often critical design criteria in mobile 
radios. 

Tests with CDMA radios in operation show mat the high gain provided by 
a typical LNA is needed only aminority of the time. Most of the time, the strength of the 
received signal is such that a low gain is sufficient to provide the requisite receiver 
sensitivity. Therefore, circuit designers have sought LNAs that maybe switched to one 
or more lower gain modes when high gain is not required. When a LNA is operated at a 
lower gain, interference signals have less of a deleterious effect on the LNA's linearity. 
Additionally, less power is consumed at lower -gains, thus improving battery life. 

However, the design of a LNA that may be switched between a high gain 
mode and a low gain mode is further constrained by impedance matching requirements, 
as will be discussed with reference to Fig. 1. Fig. 1 illustrates a portion of the transmit 
and receive paths of atypical CDMA radio. An antenna 101 bothreceives and transmits 
radio frequency (RF) signals for the CDMA radio, and is coupled to a filter 103, which is 
• in turn coupled to a duplexer 105. CDMA is a full-duplex communications protocol, and 
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the duplexer 105 is employed to prevent the radio's transmit signals from mterfering with 
the received signals and overloading the receiver. The duplexer 105 operates in a manner 
well known in the art to isolate the radio's receive path from its transmit path. 

As seen in Fig. 1 , the received signal output of the duplexex 105 is fed to 
the LNA 107. The isolation performance of a duplexer is dependent upon proper 
impedance matching between the output impedance of the duplexer 105 and the input 
impedance of the LNA 107. For example, manufacturers of duplexers often specify a 
range in which the input impedance of an interfacing circuit must fall in order to 
guarantee a specified isolation performance. If the input impedance of the mteifaring 
circuit falls outside of this range, the performance of the duplexer is degraded. Therefore, 
when the input impedance of the LNA 107 is not adequately matched with the output 
impedance of the duplexer 105, more transmit signal is leaked into the receive path, 
degrading the performance of the receiver.. The oulput of the LNA 107 is fed to an image 
rejection filter 1 09 which filters the received signal in a well known manner. As with the 
duplexer 105, the performance of the image rejection filter (ERF) 109 is dependent upon 
proper impedance matching between the output impedance of the LNA 107 and the input 
impedance of the IRF 109. Thus, improper matching of the LNA's output impedance will 
also degrade the performance of the receiver. 

Fig. 2 illustrates one prior attempt to address some of the above discussed 
problems. The amplification circuit 120 of Fig. 2 may be switched between two gain 
modes as will be discussed below. By switching the amplifier 1 20 into a lower-gain 
mode, non-linearity caused by interfering signals is reduced and less power is consumed. 
When switch S 1 is open, the amplifier is in a high gain mode. In the high gain mode, 
inductor LI and capacitor CI act to transform the input impedance of the amplifier circuit 
120 such that Z w approximates impedance Rs of the duplexer 105 (the duplexer 105 is 
represented in Fig. 2 as signal source 125 in series with resistor Rs). Similarly, L2 and 
C2 act to transform the output impedance of the amplifier circuit 120 such thatZour 
approximates impedance Rl of the image rejection filter 109 (the image rejection filter 
109 is represented in Fig. 2 as resistor Rl). As is well understood to those skilled in the 
art, the gain of the amplifier circuit 120 in high-gain mode is determined, in part, by the 
value of inductor Lb. In general, as Lb is increased, the gain of the amplifier is decreased- 
The amplification circuit 120 is switched into lower-gain mode by closing 
switch SI. "When SI is closed, the shunt feedback capacitor C3 is included in the circuit. 
Shunt capacitor C3 acts to reduce the gain of the amplification circuit. In general, the 

2 
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higher the value of C3, the more the gain of the circuit is reduced. However, shunt 
capacitor C3 also affects 1he input impedance Z w . hi particular, as the value of C3 is 
increased, the input impedance Zw of the circuit 120 is decreased. As discussed above, 
input impedance Zm must approximate Rs in order for duplexer 105 to perform optimally. 
Therefore, the value of C3 is constrained by its effect on the input impedance 2^. On the 
omer hand, increasing the value of Le generally increases the input impedance of the 
circuit. Hence, Le could be increased in order to offset the decrease in input impedance 
caused by C3. However, as discussed above, increasing the value of Le tends to lowprthe 
gain of the circuit in high gaia mode, and thus L E is also constrained. Therefore, the 
circuit of Fig. 2 may achieve only a limited reduction of gain in its low-gain mode 
without adversely affecting either the impedance match with the duplexer 105 1 or the gain 
of the circuit in Mga : gain mode. Additionally, the circuit 120 achieves only a modest 
reduction in power consumption in its low-gain mode. 

• Fig. 3 illustrates an improvement to the amplification circuit 120 of Fig. 2, 
In particular, circuit 140 provides four different gain modes as will be discussed below. 
The additional gain modes may be of lower gain than is achievable with the circuit of Fig. 
2. The amplification circuit 140 basically comprises two amplification circuits, labeled 
141 and 145, mat each operate in a manner similar to the circuit of Fig. 2. As with the 
amplifier 120 of Fig. 2, CI and Li act'to match Z m with Rs, and L2 and C2 act to match 
• Zqut with Rl- Switches S2 and S4 are used to select which of amplification circuits 141 
and 145 is active. Switches SI and S3 operate in a manner similar to the switch SI of 
Fig. 2. to switch their respective amplification circuit between high gain mode and lower 
gain mode. In operation, when switch S2 is closed and switches SI, S3, and S4 are open, 
transistor Tl is biased on and transistor T2 is biased off. In tins mode, the amplification 
circuit 145 is essentially inactive, and the amplification circuit 141 operates in a high gain 
mode. Similarly, when switch SI is closed, the gain is reduced with the inclusion of the 
shunt feedback capacitor C3. 

When switch S4 is closed and switches SI. S2, and S3 are opened, 
amplification circuit 141 is biased off and amplification circuit 145 becomes active. The 
value of inductor L4 is chosen such that the gain of amplifier 145 m its high-gain mode is 
lower than that provided by either of the modes of amplification circuit 141. 
Additionally, when S3 is closed, shunt feedback capacitor C4 is switched into the circuit 
and the gain is further reduced without adversely affecting the input impedance match. 
Thus, the circuit 140 provides two additional lower gain levels while still providing an 

3 
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acceptable input impedance match- However, thisxiicuit provides only a modest 
reduction in power usage. 

SUMMARY OF 1HE INVENTION 
According to the invention, a switchable gain amphfier is provided The 
amplifier comprises an input, an output, and a first transistor having a control region, a 
first region, and a second region, the conduction from the first region to the second region 
of the first transistor bemg responsive to the voltage on the control region relative to the 
second region. The amplifier also comprises an input impedance matching network 
coupled with the input and the control region and an output impedance matching network 
coupled with the output and the first region. The amplifier further comprises a first 
switchable biasing circuit coupled with the control region to switchably bias the transistor 
between an on state and an off stalte, and a passive bypass network coupled with the input 
impedance matching network and the output impedance matching network. The passive 
bypass network has a first switch to switchably couple the input impedance matching 
netwoik with the output impedance matching network through the passive bypass 

networic* • 

In another embodiment of the invention, a method of amplifying an input 
signal is provided The method includes providing an 'amplification circuit including an 
amplifying transistor and a passive bypass network. The method also includes biasing the 
amplifying transistor into an ON state and isolating the passive bypass network from the 
amplification circuit to configure the amplification circuit in an amplifier mode, wherein 
in the amplifier mode, an input impedance of the amplification circuit is substantially 
matched with a source impedance and an output impedance of the amplification circuit is 
substantially matched with a load impedance. The method fbrther includes inputting the 
input signal to tlie amplification circuit in the amplifier mode to form a high-gain 
amplified output signal. The method also includes biasing the amplifying transistor into 
an OFF state and coupling the passive bypass network into the amplification circuit to 
configure the amplification circuit in a bypass mode, wherein in the bypass mode, the 
input impedance of the amplification circuit is substantially matched with the source 
impedance and the output impedance of the amplification circuit is substantially matched 
With the load impedance, The method still further includes inputting the input signal to 
tiie amplification circuit in the bypass mode to form a low-gain amplified output signal. 

4 
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• In another aspect of the invention aswitch is provided for switchably 
coupling an input with an output. The switch comprises a first diode having m anode 
coupled with the output and a cathode coupled with the input The switch also comprises 
a second diode having an anode coupled with the input and a cathode. The switch further 
comprises a first capacitor coupled with the anode of the first diode and the cathode of the 
second diode. The switch still further comprises a switchable current source coupled in 
series with the first diode and the second diode to switchably supply a bias current 
through the first diode and the second diode. 

In yet another aspect of the invention, a method of switchably coupling an 
input with an output is provided. The method includes providing a switch comprising a 
first diode having an anode coupled with the output and a cathode coupled with the input, 
a second diode having an anode coupled with the input and a cathode, a first capacitor 
coupled with the anode of the first diode and the cathode of the second diode, and a 
switchable current source coupled in series with the first diode and the second diode to 
switchably supply a bias current through the first diode and the second diode. The 
method also includes switching the switchable current source to an ON state to couple the 
input with the output, and switching the switchable current source to an OPT stare to 
isolate the input from the output 

Benefits of embodiments of the present invention include providing a 
switchable gain amplifier with increased linearity and decreased losses. Other benefits 
include providing a switchable gain amplifier having a lower gain in its low-gain mode 
while still maintaining impedance match. Further benefits include providing a switchable 
gain amplifier with lower power consumption. Still other benefits include providing a 
switch with improved linearity, improved isolation, and reduced losses. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig, 1 illustrates a portion of a transmit path and a receive path of a typical 
Code-Division-Multiple-Access (CDMA) radio; 

Fig. 2 is a simplified circuit diagram of a prior art switchable gain 

amplifier; 

Fig. 3 is a simplified circuit diagram of another prior art switchable gain 

amplifier; 

Fig. 4 is a simplified circuit diagram of an embodiment of a switchable 
gain amplifier according to the invention; 

5 
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Fig. 5 is a simplified alternating current (AC) equivalent circuit of the 
switcimble gain amplifier embodiment of Fig. 4 in an amplifier mode; 

Fig. 6 is a simplified AC equivalent circuit of the switchable gain amplifier 
embodiment of Fig, 4 in a oypass mode; 

Fig. 7 is a simplified circuit diagram of another embodiment of a 
switchable gain amplifier according to the invention; 

Fig. 8 is a simplified circuit diagram of yet another embodiment of a 
switchable gain amplifier according to the invention; 

Fig. 9 is a simplified circuit diagram of still another embodiment of a 
switchable gain amplifier according to the invention; 

Kg, 10 is a simplified circuit diagram of yet another embodiment of a 
switchable gain amplified according to the invention; 

Fig. 1 1 is a simplified circuit diagram of still another embodiment of a 
switchable gain amplifier according to the invention; 

Fig. 12 is a simplified AC equivalent circuit of an embodiment of a switch 
according to an aspect of the invention; 

Fig. 13 is a simplified circuit diagram of another embodiment of a 
switchable gain amplifier according to the invention; and 

Fig. 14 is a simplified circuit diagram of another embodiment of a switch 
according to an aspect of the invention. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
Fig. 4 is a simplified circuit schematic that illustrates- an embodiment of a 
switchable-gain amplifier according to the invention. An amplifier 200 is switchable 
between a gain mode and a bypass mode. In the gain mode, the amplifier 200 is matched 
with a source impedance and a load impedance, and operates in a typical ma n n er to 
• amplify the input signal. However, when high gain is not required, the amplifier 200 may 
be switched into a bypass mode. In the bypass mode, the transistor is biased of£ and the 
input signal is routed through a passive bypass network that comprises only passive 
components. The passive bypass network maintains impedance matching with the source 
and load impedances in the bypass mode. The invention differs from the circuits 
illustrated in Figs, 2 and 3 in that the passive bypass network is not a feedback circuit. 
Rather, the passive bypass network acts to redirect the signal around the inactivated 
transistor. The present invention provides several advantages over amplifiers such as 

6 
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mose6howninFige.2and3. For example, the present invention provides improved 
linearity and decreased losses .because, in the bypass mode, the signal is not routed 
through a transistor. Rather, the signal passes through a passive-only network, which 
exhibits very high linearity and low loss. Also, the present invention provides a 
significant reduction in gain in hs bypass mode while maintaining proper impedance 
rmtching with the source impedance and the load impedance. Additionally, because the 
tamsistor is biased off in bypass mode, the amplifier 200 consumes only a fraction of the 
• power required in gain mode, thus improving battery life and time between recharging in 
battery-powered devices. 

Refexring to Fig. 4, a signal source having an impedance Rs is coupled 
with an input impedance matching network 203 of the amplifier circuit 200 through a 
coupling capacitor Cc. The input impedance niatehing network 203 is in turn coupled to 
the base of a transistor Tl. The emitter of the transistor Tl is coupled with ground 
• through an emitter inductor L E . The collector of the transistor Tl is coupled with Vqc 
through inductor L2. The collector of transistor Tl is also coupled with a capacitor C2 
which is in turn coupled with a load Rl, An output impedance matching network 205 
comprises inductor L2 and C2. A switchable biasing circuit 207 coupled with the base of 
transistor Tl comprises switch SI and current source 209, and switchably biases 
transistor Tl between an ON state and an OFF state, as will be discussed below. 
Additionally, the amplifier circuit 200 includes a passive bypass network 21 1 coupled 
with the input impedance matching network 203 and the output impedance matching 
network 205. The passive bypass network 21 1 includes a bypass capacitor C3 coupled in 
series with a switch S2, and a bypass inductor L3 coupled in series with a switch S3. The 
amplifier 200 has an input impedance Zm and an output impedance Zour. 

To put the amplifier 200 in gain mode, switch S 1 is closed and switches S2 
and S3 are opened. When switch S 1 is closed, current source 209 supplies a current to a 
base of transistor Tl, which in turn causes a bias current to flow into a collector of the 
transistor TL The amount of current supplied by current source 209 is chosen such that 
transistor Tl operates in the gain mode with the requisite linearity. When switches S2 
and S3 are opened, capacitor C3 and inductor L3 are effectively isolated from the circuit. 
The gain of the circuit 200 in gain mode is set in a manner well known to those skilled in 
the art. 

Fig. 5 is a simplified alternating current (AC) equivalent circuit of the 
circuit shown in Fig. 4 operating in its gain mode (e.g. inductor L B has been excluded for 

7 
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simplicity). 5 m^e* impede 

Tmsistor Tl may be modeled as shown inFig. 5, having a bias current-dependent input 
impedance Ztjn, as well asabias current-dependent output impedance Z T0UT . Resistor 
Ri> represents combined bias curreQt-mdependentparasitio losses of the transistor Tl and 
inductor L2. Capacitor CI and inductor U comprise an input impedance matching 
network. la order to match the input impedance Z w withR* the values of CI andLl are 
chosen in a well known manner to transform Rs to Z' TJN . Similarly, capacitor C2 and 
inductor L2 comprise an output impedance matching network. In order to match the 
output impedance Zout with Rl, the values of C2 and L2 are chosen in a well known 
manner to transform R t to (Zr.our II )*. 

Refemng again to Pig. 4, amplifier 200 may be put into a bypass mode. 
To put the amplifier 200 in bypass mode, switch Si is opened and switches S2 and S3 are 
closed. When is SI opened, the current from current source 209 is removed from the base 
• of transistor Tl, causing the bias current into the collector of Tl to decrease to 

substantially zero. When toe bias current of Tl goes to zero, transistor Tl is biased OFF 
and is effectively removed from the circuit. When switches S2 and S3 are closed, the 
bypass network 21 1 comprising bypass capacitor C3 and bypass inductor L3, is coupled 
into toe amplifier circuit 200. Fig. 6 is a simplified AC equivalent circuit of amplifier 
circuit 200 operating in its bypass mode, to the bypass mode, the input impedance 
matching network is coupled with the output impedance matching network via toe bypass 
network The values of C3 and L3 are chosen in a well known manner to match Rs and 
Rt. 

. Kg.7mustratesanotoerembo<mnentoftoemvention. Amplifier circuit 
250 is similar to toe circuit 200 of Fig. 4, except that toe passive bypass network^! no 
iongermcIudesinductorL3norswitchS3. Ampjifier circuit 250 operates in the same 
manner as the circuit 200 of Fig. 4. However, in bypass mode, a perfect impedance 
match cannot be achieved because only the bypass capacitor C3 is available for 
. impedance transformation. It has been found that an acceptable, though imperfect, 
impedance match may still be achieved with only the bypass capacitor C3. In particular, 
the value of L2 may be reduced to a value where toe output impedance match in the gain" 
mode, though not ideal, is nevertheless acceptable, and where the impedance match in the 
bypass mode, though also not ideal, is also acceptable. This maybe explained wito 
reference to Fig. 6. Fig. 6 shows the simplified AC equivalent of circuit 200 in the bypass 
mode, which includes bypass inductor L3. As can be seen, bypass inductor L3 is 
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connected in parallel with inductor VL Thus, when inductor 13 is included in the circuit 
200 in bypass-mode, it acts to reduce the value of the inductor 12. Basically, in the 
bypass mode, the value of L2 is changed to 12 , where 12 <= 12 1| L3. 

Referring to Figs. 4 and 7, the circuit 250 provides a cost savings over the 
circuit 200 at the expense of less4han-ideal impedance matehing. In particular, circuit 
250 eliminates inductor element 13. In general, inductors cannot easily be integrated 
onto an integrated circuit (IQand are relatively expensive components. ' 

Fig. 8 illustrates another embodiment of the invention. A circuit 270 is 
similar to the circuit 250 of Fig. 7, except that passive bypass network 21 1 includes 
resistor R3 and switch S3 for improving impedance match in the bypass mode. In 
operation, switch SI is closed during amplifier mode, and switches S2 and S3 are opened 
to isolate capacitor C3 and resistor R3 from the circuit. In amplification mode, circuit 
270 operates in a similar manner to circuit 200 of Fig. 4 and circuit 250 of Fig. 7 in their 
respective amplifier modes. In abypass mode of circuit270, switch SI is opened to 
remove transistor Tl from the circuit as discussed previously. Switches S2 and S3 are 
closed so that capacitor C3 and resistor R3 are included in toe circuit The resistor R3 
acts as a shunt attenuator in the bypass mode, and may provide an improvement in 
impedance match over the circuit 250 of Fig. 7 in a manner well known in the art. 
Although a perfect impedance match cannot be obtained using the resistor R3, using a 
resistor is less expensive man using inductor 13 of Fig. 4. Additionally, the resistor R3 
may be easily integrated onto an IC with other components of the circuit 270, unlike the 
inductor 13 of Fig. 4. Resistor R3 does, however, increase the loss in the circuit 270 in 
bypass mode. But, in general, .the loss introduced by R3 is acceptable because, as is well 
known in the art, signal loss is a nonlinear Amotion of impedance match, and so the 
benefits resulting from the better impedance match easily outweighs the harm caused by 
the slightly increased loss. 

Referring now to Figs. 4, 7, and 8, the switchable biasing circuit 207 for 
biasing transistor Tl has been symbolically shown as the current source 2 1 1 coupled in 
series with switch SI. However, other switchable biasing circuits may also be used. For 
example, in an embodiment, the separate switch SI may be eliroinated by using a 
switchable current source for current source 209. In another embodiment, the switchable 
biasing circuit 207 may comprise a switchable power source coupled in series with a 
resistor. Many other methods of switchably biasing a transistor known to mose skilled in 
the art may also be used. 
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Switches S2 and S3 in Figs. 4> 7, and 8 should exhibit high linearity and 
low loss due to their position wimih the signal path in bypass mode. For example, the 
switches S2 and S3 may comprise metal oxide semiconductor (MOS) field effect ' 
transistors. Fig. 9 illustrates another embodiment of the invention. In particular, Fig. 9 
shows a circuit 3 00, which is similar to the circuit 250 of Fig. 7, except that the switch S2 
comprises a MOS transistor T2. A control signal is coupled with a gate lead of a MOS 
transistor T2. When the control signal is brought to an ON voltage level, a channel 
between a drain and source of transistor T2 becomes conductive and capacitor C3 is 
effectively switched into the circuit 300. When the control signal is brought to an OFF 
voltage level, the drain and source of transistor T2 become electrically isolated from each 
other, and the capacitor C3 is effectively switched out of the circuit 300. Using a MOS 
transistor for switches S2 and S3 has several advantages. For instance, in a conductive 
state, the channel between the drain and source of a MOS transistor exhibits very good 
. linearity: Also, a MOS transistor switch consumes substantially no power. However, it 
may be impractical to use a MOS transistor for switches S2 and S3 unless the amplifier 
circuit 300 is to be implemented using a BiCMOS fabrication process. Admtioually, 
MOS transistors are relatively lossy as compared to bipolar transistors of approximately 
the same size. Thus, a switch comprising a MOS transistor may consume a relatively 
large amount of IC area m order to reduce loss to an acceptable level. 

Fig. 10 illustrates yet another embodiment of the invention. In Fig. 10, the 
switch S2 comprises a diode Dl coupled with a switchable current source 351. In 
particular, an anode of Dl is coupled wilh the inductor L2, capacitor C2, and the collector 
of transistor Tl. The cathode of Dl is coupled with the capacitor C3. Switchable current 
source 351 is coupled with the cathode of Dl. In operation, when the switchable current 
source 351 is switchedON.it draws a bias current through diode Dl. The bias current ' 
causes Dl to become conductive, and thus C3 is switched into the circuit 350. When the 
switchable current source 351 is switched OFF and the bias current no longer flows 
through diode Dl, the impedance of Dl becomes extremely high and capacitor C3 is 
«0latedfrominductorI^,capacitorC2,andfransistorTl. However, the diode switch 
illustrated in Fig. 10 has a drawback-its linearity. In particular, the illustrated diode 
switch has relatively poor hnearity because of two well known properties of diodes. First, 
the impedance of the diode is dependent upon the current through the diode. Second, the 
impedance of toe diode Dl is not symmetrical as the current through the diode Dl swings 
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about the bias emu The asymmetry of the impedance substantially degrades the 
linearity of the switch. 

Fig. 1 1 illustrates still another embodiment of the invention that provides 
an improvement in linearity, fix this embodiment, a cathode of a diode Dl is coupled with 
capacitor C3, and an anode of diode Dl is coupled with inductor L2, capacitor C2, and 
the collector of transistor Tl. An anode of a second diode D2 is coupled with the cathode 
of diode Dl, and a cathode of diode D2 is coupled with the switchable current source 351. 
A coupling capacitor C4 is coupled between the anode of I>1 and the cathode of D2. In 
operation, when the switchable current source 351 is switched ON, it draws a bias current 
Hirough diodes Dl and D2. The bias current causes diodes Dl and D2 to become 
conductive, and thus, C3 becomes coupled to the collector of Tl through two parallel 
paths. When the switchable current source 351 is switched OFF and the bias current no 
longer flows through diodes Dl andD2, their respective in^edances become extremely 
high and capacitor C3 is isolated from the circuit 400. 

The circuit 400 provides several improvements over the circuit 350 of Fig. 
10, as will be explained with reference to Fig. 12. Fig. 12 illustrates a simplified AC 
equivalent circuit of the switch S2 of Kg. 11. Because of the anode-to-carhode 
configuration of me diodes Dl and D2 in circuit 400, the effects of the current on each of 
their impedances tend to offset each other. For example, as the impedance of one diode 
begins to rise, the impedance of the other diode begins to fall. And, because the two 
diodes are connected in parallel, the change in the impedance of diode Dl with current 
tends to offset the change in the impedance of diode D2. Thus, the dependence of the 
overall impedance of the switch S2 on current is reduced. Additionally, the asymmetry of 
the impedance is eliminated. Hence, the linearity is improved with respect to the switch 
S2 of Fig. 10. Moreover, because the two diodes Dl and D2 are connected in parallel, the 
cnrrentthrough the switch S2 is effectively split evenly between the two diodes. Thus, 
each of the diodes Dl and D2 sees approximately one half of the current swings about the 
bias current as is seen by the diode in the single diode switch of Fig. 10. Therefore, the 
amount bias current supplied by switchable current source 35 1 may be kept below the 
amount required of the embodiment of S2 shown in Fig. 10. 

Referring now to Fig. 1 1, drawbacks exists in using the diode switch as 
shown. In particular, relatively large swings in voltage occurring at the collector of 
transistor Tl while circuit 400 operates in the amplifier mode may cause diodes Dl and 
D2 to become forward biased, and thus turn ON. This will cause distortions and thus 
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lower the performance of the circuit 400. Additionally, in a typical switchable current 
source 351, the current does not go completely to zero in the current source's OFF state. 
Therefore, the diode switch S2 will not completely isolate capacitor C3 from the collector 
of transistor Tl, and, hence, result in distortion and decreased performance. 

It is well known in the art that diodes may be simulated using 
appropriately configured transistors. Numerous such configurations are known to those 
skilled in the art. Hence, a diode switch, such as the diode switch illustrated in Fig. 1 1, 
maybe implemented using transistors configured to simulate diodes. 

Fig. 13 illustrates yet another embodiment of the invention. An amplifier 
circuit 500 is similar to the amplifier circuit 270 of Fig. 8, but the switches S2 and S3 are 
implemented using embodiments of diode switches. Referring now to the circuitry 
labeled S2, transistors T2 and T3 simulate diodes similar to diodes Dl and D2, 
respectively, of Figs, 11-13. ResistorRll is a bleeder resistor for redirecting the leakage 
current of switchable current source 351 in its OFF state. Resistor R13 along with 
switchable current source 361 act to reverse bias transistor-diode T3 when the switch S2 
is in its OFF state. Similarly, resistor R17 along with switchable current source 371 actto 
reverse bias transistor-diode T2 in the OFF state of switch S2. Resistors R1S and R19 
provide signal isolation. In particular, resistors R15 and R19 increase the impedance into 
the current sources 361 and 371, respectively, to reduce the amount of the amplified 
signal that leaks through the switches 361 and 371 when the amplifier is in high-gain 
mode. En operation, when switch S2 is OFF, current source 351 is switched OFF, while 
current sources 361 and 371 are switched ON. ResistorRll sources the leakage current 
of current source 351. Thus, as previously discussed, the leakage current does not flow 
through transistors T2 and T3, thus improving the switch's isolation in its OFF state. Rl 1 
also pulls the voltage at the emitter of transistor T3 to near Vcc- Current source 361 and 
resistor R13 pull the voltage of the base of T3 to a voltage below that of its emitter, thus 
reverse biasing T3. Similarly, current source 371 and resistor R17 pull the voltage of the 
base of T2 below that of the base of T3, which is coupled to the emitter of T2. Henoe, T2 
is also reverse biased. Because the transistors T2 and T3 are reversed biased, large 
swings in voltage at the collector of Tl will not cause T2 and T3 to turn ON. 
Additionally, the reverse biasing of transistors T2 and T3 further improves the isolation of 
the switch in its OFF state, because, as is well known in the art, the respective junction 
capacitances of transistors T2 and T3 are reduced. 

12 



04/25/2008 FRI 12:03 [TX/RX NO 7823] 023 



APR. 25. 2008 12:10PM HARRINGTON & SMITH 

WO 02/153J>7 



NO. 016 P. 24 

PCT/US01/25669 



In the ON state of switch S2, current source 351 is switched ON while 
current sources 351 and 371 are switched OFF. Coupling capacitor CS effectively 
becomes a short circuit; and resistors Rll, R13, R15, R17, and R19 are effectively 
removed from the circuit with regard to AC signals. Thus, the S2 circuitry behaves 
similar to the diode switch as described with respect to Figs. 1 1 and 12. 

Referring now to the circuitry labeled S3, another embodiment of a switch 
is shown for switchably connecting resistor R3 to ground. Transistors T4 and T5 
simulate diodes similar to diodes Dl and X>2, respectively, of Figs. 1 1 and 12. Capacitor 
C6 acts in a manner similar to that of capacitor C4 in Figs. 11 and 12. Resistors R21 and 
R23, together, act in a manner similar to that of the bleeder resistor Rl 1 in Fig. 13 to sink 
the leakage current of me switchable current source 381 in its OFF state. Capacitor C7 
acts as a coupling capacitor, and is effectively a short circuit to AC signals. 

Fig. 14 illustrates yet another embodiment of a switch according to the 
• invention. A switch 600 includes a first port 601 and a second port 603. The switch 600 
switchably oouples the first port 601 with the second port 603. Transistors T6 and T7 
simulate diodes similar to diodes Dl andD2, respectively, of Figs. U and 12. Capacitor 
Cio acts in a manner similar to that of capacitor C4 in Figs. 1 1 and 12. Resistor R3 1 
couples the base of transistor T6 with its collector, making T6 inductive when the 
operating signal of the signal to be switched through switch 600 is much greater than f T /p. 
Similarly, resistor R33 couples the base of transistor T7 with its collector, making T7 
inductive. Thus, transistors T6 and T7 are configured to simulate diodes, with their 
respective collectors as anodes and their respective collectors as cathodes. 

Transistor/diodes T6 and 17 are coupled in series and a switchable current 
source 605 is coupled with the emitter of transistor T7. The switchable current source ' 
60S switchably biases the transistor/diodes T6 and T7 ON and OFF, similar to the 
. switchable current source 351 of Figs. 1 1 and 13, and current source 381 of Fig. 13. 
Capacitors C10 and Cll blockDC signals and are substantially short circuits to the signal 
to be switched through the switch 600. The values of resistors R3 1 and R33 and 
capacitor CI 0 are chosen in a manner well known to those skilled in the art such that the 
impedance comprising R33 and T7 in series with capacitor C10 are substantially the 
conjugate of the impedance comprising R31 and T6. 

In operation, when switchable current source 605 is OFF, transistor/diodes 
T6 and T7 are OFF, and hencenode 601 is isolated from node 603. When switohable 
current source 605 is switched ON, a bias current is drawn through transistor/diodes T6 

13 



04/25/2008 FRI 12:03 [TX/RX NO 7823] @024 



APR. 25. 2008 12:1 0PM 

WO 02/15397 



HARRINGTON & SMITH 



NO. 016 P. 25 

PCT/US01/2Se<>9 



and T7, making them conductive. Because of the values chosen for R31, R33, and CIO 
discussed above, an AC current flowing from node 601 to 603 is approximately evenly 
divided between a flow into the collector of T6 and a flow into the emitter of T7. 
Similarly, an AC current flowing from node 603 to node 601 is approximately evenly 
divided between a flow into the emitter of T6 and a flow into the collector of T7. 

Although the above description has been described with respect to a 
common-emitter amplifier, the invention is not so limited. For example, the invention 
maybe applied to other types of one-transistor amplifiers such as common-base, common 
collector, and the like. Additionally, the invention maybe applied to multiple transistor 
amplifiers. Also, although me above description has been described with respect to a 
bipolar transistor amplifier, the invention may be applied to amplifiers including other 
types of transistors, such as MOS transistors and the like. 

The invention has now been explained with reference to specific 
embodiments. Other embodiments will be apparent to those of ordinary skill in the art. 
Therefore it is not intended that this invention be limited except as indicated by the 
appended claims. 



! 
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WHAT IS (TLAiMren T.Q- 

1 . A switchable gain amplifier, comprising: 
an input port; 
an output port; 

an amplifier circuit, having an amplifier circuit input and an amplifier 

circuit output; 

a first switchable biasing circuit coupled with the amplifier ciicuit to 
switchably bias the amplifier circuit between an on state and an off state; 

an input impedance matching network coupled with the input port and the 
amplifier circuit input; 

an" output impedance niatchmg network coupled with die output port and 
the amplifier circuit output; and 

a passive bypass network coupled with the input impedance matching 
network and 1he output impedance matching network, the passive bypass network having 
a first switch to switchably couple the input impedance matching network with the output 
impedance matohing network through the passive bypass network. 

2. The switchable gain amplifier of claim 1, wherein the amplifier 
circuit comprises a common-emitter amplifier. 

3. . The switchable gain amplifier of claim 2, wherein the common- 
emitter amplifier includes an inductor in series with the emitter. 

4. The switchable gain amplifier of claim 1, wherein the amplifier 
circuit comprises at least two transistors. 

5. The switchable gain amplifier of' claim I, wherein the input 
impedance matching network comprises an input impedance notching series inductor and 
an input impedance matching shunt capacitor. 

6. The switchable gain amplifier of claim 1, wherein the output 

. impedance matching network comprises an output impedance matching series capacitor 
and an output impedance matching shunt inductor. 

7. The switchable gain amplifier of claim 1, wherein the passive 
bypass network includes a series bypass capacitor coupled with the first switch. 
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8. The switchable gain amplifier of claim 7, wherein the passive 
bypSSS netWOrk &MtadM a *»* ***** coupled in series with a second switch to 
switchably couple the shunt bypass inductor with the series bypass capacitor. 

9. The switchable gain amplifier of claim 7, wherein the passive 
bypass network includes a shunt bypass resistor coupled in series with a second switch to 
switchably couple the shunt bypass resistor with the series bypass capacitor. 

1 0. The switchable gain amplifier of claim 1, wherein the first switch 
comprises a MOS transistor. 

11. The switchable gain amplifier of claim 1, wherein the first switch 
comprises a first diode having an anode coupled with the output impedance matching 
network and a camode coupled wimme passive bypass netwoik, and a second switchable 
biasing circuit coupled with the first.diode to switchably bias the first diode between an 
on state and an off state. 

12. The switchable gain amplifier of claim 11 wherein the second 
switchable biasing circuit comprises a variable current source coupled with the cathode of 
tiie first diode. 

13. The switchable gain amplifier of claim 1 1 wherein the first switch 
iurther comprises a second' diode having an anode coupled with the cathode of the first 
diode, and a first switch capacitor coupled between the anode of the first diode and a 
cathode of the second diode. 

14. The switchable gain amplifier of claim 13 wherein the second 
switchable biasing circuit comprises a variable current source coupled with the cathode of 
the second diode. 

15. The switchable gain amplifier of claim 1. wherein the first switch 

comprises: 

a first transistor having a control region, a first region, and a second 
region, the conduction from the first region to the second region of the first transistor 
being responsive to the voltage on the conlxol region relative to the second region, the 
control region of the first transistor coupled with the first region of the first transistor and 
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the output impedance matching network, and the second region of the first transistor 
coupled with the passive bypass network; 

a second transistor having a control region, a first region, and a second 
region, the conduction from the first region to the second region of the second transistor 
_ being responsive to the voltage on the control region relative to the second region.the 
control region of the second transistor coupled with the first region of the second 
transistor and the second region of the first transistor; 

a first switch capacitor coupled between the first regicn of the first, 
transistor and the second region of the second t ransi stor; and 

a second switchable biasing circuit coupled with the first and second 
transistors to switchably bias the first and second transistors between respective on states 
and respective off" states. 

16. The switchable gain amplifier of claim 15, wherein the second 
.switchable biasing circuit comprises a first variable currant source coupled with the 
second region of the second transistor. 

1 7. The switchable gain amplifier of claim 1 6, wherein the second 
switchable biasing circuit further comprises: 

a second switch capacitor coupled between the control region of the first 
transistor and the first region of the first transistor, 

a first switch resistor coupled between the second region of toe second 
transistor and a reference voltage; 

a second switch resistor coupled between the control region of the first 
transistor and the first region of the first transistor, 

a third switch resistor coupled between the control region of the first 
transistor and a second variable current source; ' 

a fourth switch resistor coupled between the reference voltage and the 
control region of the second transistor; and • 

a fifth switch resistor coupled between the control region of the second 
transistor and a third variable current source. 

18. A nietood of amplifying andnptf 

providing a switchable gain amplifier circuit including an amplifying 
circuit and a passive bypass network; 
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biasing the amplifying circuit into an ON state and isolating the passive 
bypass network from the switchable gain amplifier circuit to configure the switchable 
gain amplifier circuit in an amplifier mode, wherein in the amplifier mode, an input 
impedance of the switchable gain amplifier circuit is substantially matched with a source 
impedance and an output impedance of the switchable gain amplifier circuit is 
substantially matched with a load impedance; 

inputting the input signal to the switchable gain amplifier circuit in the 
amplifier mode to form a high-gain amplified output signal; 

biasing the amph'fying circuit into an OFF state and coupling the passive 
bypass network into the switchable gain amplifier circuit to configure the switchable gain 
amplifier circuit in a bypass mode, wherein in the bypass mode, the input impedance of 
the switchable gain amplifier circuit is substantially matched with the source impedance 
and the output impedance of the switchable gain amplifier circuit is substantially matched 
with the load impedance; and 

inputting the input signal to the switchable gain amplifier circuit in the 
bypass mode to form a low-gain amplified output signal. 

19. The method of claim 1 8, wherein the amplifying circuit includes an 
amplifying circuit input and an amplifying circuit output, and wherein the passive bypass 
network comprises a capacitor coimled in series with a first switch between the 
amplifying circuit input and me amplifying circuit output 

20. The method of claim 19, wherein the passive bypass network 
further comprises an inductor coupled in series with a second switch between the 
amplifying circuit output and a reference voltage. 

21 . The method of claim 19, wherein the passive bypass network 
further comprises a resistor coupled in series with a second switch between the 
amplifying circuit input and a common voltage, 

22. A switch for switchably coupling a first port with a second port, the 
switch comprising: > 

a first diode having an anode coupled with the second port and a cathode 
coupled with the first port; 

a second diode having an anode coupled with the first port and a cathode; 
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a first capacitor coupled "with the anode of the first diode and the cathode 
of the second diode; and 

a switohable current source coupled in series with the first diode and the 
second diode to switchably supply a bias current through the first diode and the second 
diode. 

•23 . The switch of claim 22 further comprising a bleeder resistor 
coupled between the cathode of the second diode and a reference voltage to source a 
leakage current of the switohable current source. 

24. The switch of claim 22 wherein the first diode comprises a first 
transistor configured as a diode and the second diode comprises a second transistor 
configured as a diode. 

25. The switch of claim 24 wherein the first transistor includes a 
control region, a first region, and a second region, the conduction from the first region to 
the second region of the first transistor being responsive to the voltage on the control 
region relative to me second region, wherein the second transistor includes a control 
region, a first region, and a second region, the conduction from the first region to the • 
second region of the second transistor being responsive to the voltage on the control 
region relative to the second region, and wherein the switch further comprises a first 
resistor coupled between the first region and the control region of the first transistor, and 
a second resistor coupled between the first region and the control region of the second 
transistor* 

26. The switch of claim 24 further comprising a switohable reverse 
biasing circuit coupled with the first and second transistors to switchably reverse, bias the 
first and second transistors, 

27. A method of switchably coupling a first port with a second port, 
the method comprising: 

providing a switch comprising; 

, first diode having an anode coupled with the second port and a 
cathode coupled with the first port, 

a second diode having an anode coupled with the first port and a 

cathode; 
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a first capacitor coupled with the anode of the first diode and the 
cathode of the second diode; and 

a switchable current source coupled in series with the first diode 
and the second diode to switchably supply a bias current through the first diode and' the 
second diode; 

switching the switchable current source to an ON state to couple the first 
port with toe second port; and 

switching the switchable current source to an OFF state to isolate tie first 
port from the second port. 

28. The method of claim 27 further comprising providing a bleeder 
% resistor coupled between the cathode of the second diode and a reference voltage to 

redirect a leakage current of the switchable current source in its OFF state from the first 
and second diodes to the bleeder resistor. 

29. The method of claim 27 wherein the first diode comprises a firat 
transistor configured as a diode and the second diode comprises a second transistor 
configured as a diode. 

30. The method of claim 29 wherein the first transistor includes a 
control region, a first region, and a second region, the conduction from the first region to 
the second region of the first transistor being responsive to the voltage on the control 
region relative to the second region, wherein the second transistor includes a control 
region, a first region, and a second region, the conduction from the first region to the 
second region of the second transistor being responsive to die voltage on toe control 
region relative to toe second region, and wherein the switch further comprises a first 
resistor coupled between toe first region and the control region of toe first transistor, and 
a second resistor coupled between the first region and the control region of the second 
transistor. 

31. The method of claim 29 further comprising reverse biasing the first 
• and second transistors when the switchable current source is in its OFF state. 
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